INTRODUCTION
Modern broadband seismometers generally have well-known and stable instrument parameters. Typically, the manufacturer's speci cations indicate that the gain of each component of a the orthogonality of the components is true to within a fraction of a degree. Such precision makes possible many types of quantitative seismological analyses that were di cult with earlier instruments. In particular, di erent components of earlier three-component seismometers did not necessarily have the same response functions (e.g., free period of the seismometer), making any analysis based on the rotation of ground motion into the transverse and longitudinal directions di cult. Such technical problems have now largely been overcome in the most common broadband instrumentation, and it is routine to perform rotational transformations of the horizontal components of motion in modern seismological analyses, such as earthquake source investigations, S and SKS splitting studies, receiver-function determinations, and body-and surface-wavepolarization studies.
An essential station variable for the rotational transformation of horizontal components of motion is the geographical orientation of the original components in the horizontal plane. Horizontal seismometers are typically installed with output sensitivity aligned to the north-south and east-west directions, and the standard names of seismometer channels (e.g., BHN, BHE) re ect this convention. Nontraditional orientations are common for borehole and ocean-bottom seismometers, for which it is cumbersome or impossible to install the seismometer with a speci ed orientation, and the orientation is instead determined a er deployment. In general, instruments with nontraditional orientations have channel names that re ect this (e.g., BH1, BH2). Regardless of how the seismometer is oriented at installation, the azimuths of sensitivity of the horizontal components -vention, as well as in other data distribution formats, the preciDespite the precision with which seismometer orientations are given, the accuracy of the reported azimuths is neither well-known nor easily veri ed. e uncertainty derives from several factors. It is not easy to orient seismometers in the eld. Typically, seismometers are deployed in remote areas and o en underground. Obtaining a high-delity bearing at the site of installation can be di cult and, even when one is available, ensuring that the seismometer is properly aligned remains a -takes. In particular, when a magnetic compass is used for the alignment, there is frequently a signi cant site-speci c declination correction to be made. Errors are introduced when this correction is not made, when a correction is made in the opposite sense to that required, or when the wrong correction for the location is applied. Obtaining direct measurements of the orientation of the seismometer a er installation is associated with the same di culties and compounded by the presence of strong magnets within the sensor itself. USArray has recently -scope to determine bearings in the eld (http://www.ixsea.com/ en/products/002.001.002.001/octans.html). Measurements of alignment references and actual sensors indicate that determination of the desired orientation is the step most likely to result to a chosen reference is a smaller source of error, with repeat alignments deviating from each other by only a few degrees.
Probable errors in the reported orientation of horizontal components have been discussed in several studies of body-and surface-wave polarization. e polarization of the wave eld (e.g., arrival-angle azimuth) provides valuable constraints on isotropic and anisotropic structure along the ray path from an earthquake to a receiver, as well as beneath the receiver, and a Laske and Masters (1996) , estimated misorientations were found to be very similar. Yoshizawa et al. (1999) and SchultePelkum et al. (2001) investigated P-wave polarizations at GSN stations, and found similar misorientations to those reported in the surface-wave studies.
Measurements of Seismometer Orientation at USArray Transportable Array and Backbone Stations
e results of these studies suggest that robust estimates of sensor orientation can be obtained directly from the recorded waveforms by appropriate averaging or tting of many polarization measurements. In the current study, we present a simple, automated algorithm for making many long-period polarization measurements and for deriving estimates of sensor orientation from these measurements. We apply the algorithm in a systematic fashion to two years of data from the USArray Transportable Array (TA) and Backbone (BB) stations. An important result from our analysis is that the majority of the stations appear to Errors of this magnitude can confound the geophysical interpretation of polarization measurements and complicate the quantitative analysis of the unique data collected by USArray. Our hope is that this study will motivate e orts to develop and implement methods of documenting the true sensor orientation of USArray and other stations as well as provide a means to estimate orientations of stations no longer deployed.
METHOD
Our analysis is based on measurements of wave eld polarization, in particular the polarization of intermediate-and longperiod Love and Rayleigh waves. We selected all earthquakes of M W for the analysis. Events of this size are typically well recorded by permanent and temporarily deployed broadband stations e data were collected from networks and stations that are part of the Transportable Array and Backbone components of USArray. Speci cally, data from the virtual networks US-TA and US-BB were requested and retrieved from the Incorporated Research Institutions for Seismology (IRIS) Data Management the pool of instruments that are deployed in temporary vaults and are then moved to a new location. Several of the stations are permanent, most belonging to the US National Seismic the Berkeley Digital Seismic Network (BK). Seismograms from the long-period (LH) channels were used in the analysis and, for stations with more than one sensor, data from all sensors were included. Most of the transportable stations are equipped permanent stations is more varied, including several sets of vertical and horizontal Streckeisen STS-1 seismometers.
analysis (Ekström et al. 2006 ). An essential step of the processing is the incorporation in the analysis. is includes the instrument response functions and the orientations of the sensors. For all of the data, we used the best information currently available, obtained in the form of "dataless SEED" volumes from the IRIS Data Management et al.
component seismograms in an inversion that results in an estimate of the earthquake moment tensor and its centroid in space -few hours a er the earthquake and dominated by long-period, surface-wave arrivals. In the polarization analysis described here, we use measurements derived from the intermediateperiod surface-wave waveforms (S) but also make a comparison with measurements obtained from the long-period mantlewave waveforms (M).
calculate synthetic waveforms corresponding to the published synthetic waveforms are calculated in the same manner as in the -mate corrections for Earth's laterally heterogeneous structure (Dziewonski et al. of these corrections include e ects related to wave refraction away from the great-circle path, and the synthetic seismograms thus have the same polarization characteristics as on a spherically symmetric Earth. e horizontal components of both observed and synthetic waveforms are rotated into the transverse and longitudinal directions, initially using the reported azimuths of the rst and second (usually north and east) horizontal components, α 1 and α 2 . Time windows containing the main surface-wave arrivals are automatically selected for analy-C between observed and synthetic transverse and longitudinal components are then calculated, , where o i is the observed time series, N is the number of selected time points, and s i the e ect on C of varying the orientations of the horizontal components. While, in general, it is possible for these components not to be orthogonal, especially for systems with a separate seismometer for each component (such as the STS-1) we assume here that the relative orientation (α 2 1 ) is constant rotation angle δα to both azimuths. is corresponds to a horizontal rotation of the three-component seismometer.
e observed transverse and longitudinal seismograms o i are recalculated for the new assumed orientations of the horizontal components, α 1 2 -sponds to a counter-clockwise rotation of the seismometer. e correlation values are recalculated as C L (δα) and C T (δα), where the subscripts refer to the longitudinal and transverse directions. We calculate the correlations for a range of orientations C tot for a pair of longitudinal and transverse seismograms as
and the optimal rotation δα* is the one that produces the largest C tot . C L * and C T * are then the corresponding correlations for the two seismogram components. An additional parameter related to the correlation is the scaling factor S, which is the factor by which the synthetic seismogram should be multiplied in order to achieve the smallest residual variance between the observed and synthetic waveforms, S L * and S T * are the scaling factors that correspond to the optimal rotation δα*. e algorithm described above was chosen to generate robust average polarization angles and is not optimal for measuring the polarization of an individual Rayleigh or Love wave. In particular, the total correlation depends on the correlations of both wave types, and the derived polarization angle may ray paths deviate in di erent ways from the great-circle path. In addition, the total correlation will not be very large if either the Love or Rayleigh wave is nodal, since the correlation of the nodal component will be more strongly in uenced by noise. e polarization measurements are a ected by several factors, including geophysically interesting ones, such as refraction of the wave during propagation and anisotropy in the receiver region, and less interesting ones, such as station misorientation, di erent gain errors on horizontal components, and noise. Of these sources, only the station misorientation will make a constant contribution to the polarization angle for all arrivals, regardless of azimuth. In the second part of the analysis, for each station, the optimal rotation angles δα* obtained from many earthquakes are used to calculate a median rotation angle, which we take to represent the station orientation. e range of the second and third quartiles of the distribution of measurements of δα* is calculated to provide an uncertainty estimate for the estimated orientation.
RESULTS
stations were included in the analysis. At a small number of the permanent stations, more than one seismometer is operating, identi ed by a distinct location code or distinct channel names. In these cases, data from all sensors were included, for a total -eters at some stations have been replaced or reinstalled. In what follows, the distinction between a station, a seismometer, and a -eral we will refer to "a station." Synthetic seismograms were calculated for all stations for which a real seismogram was recorded, but for many of the smaller earthquakes the signal level was too small to obtain a signi cant correlation with the synthetic waveforms, especially at some of the noisier stations. Only measurements corresponding to highly correlated traces are useful for the polarization analysis. We therefore make a quality selection of the available measurements based on the correlation coe cients C L and C T , and also make a selection based on epicentral distance and earthquake focal depth. For the intermediate-period surface waves (S data), we discard all measurements corresponding to earthquakes deeper than 100 km. For the long-period surface waves (M data), we discard measurements corresponding to -quake depth. In addition, we discard all measurements associated with scaling factors S L * or S T * greater than 2.0 or smaller e choice of a selection criterion based on the value of the correlation C tot is guided by several considerations. A higher correlation is presumably indicative of a better polarization measurement, but it is important to include several measurements in order to average out observational errors and potenof the distribution of measured angles δα* as a function of correlation C tot for a low-noise station. Measurements corresponding to higher correlation values are in general consistent, with a greater scatter for smaller correlation values. We calculate the median of the observations using di erent minimum cut-o values for the correlation and show the median as a function of this value in gure 1. e median does not vary much a er ~10 measurements have been included in the calculation, and is thus quite robust. e e ect of using a lower cuto value is therefore not large for stations with low noise levels and many available high-correlation measurements. For noisy stations, where highcorrelation measurements seldom are obtained, a high cut-o value would, however, lead to very few accepted measurements.
cut-o value for C tot -tions in our dataset generating at least 10 acceptable measurements.
Since global seismicity levels are relatively stable, the number of acceptable measurements will mostly be determined by the duration of operation of the station and the level of the background horizontal noise. Since many of the TA stations stations for which only a limited number of measurements are available. Figure 2 shows the distribution of the number of measurements that result when we apply the selection criteria described above. For some of the quietest stations, we have more than 200 measurements for the two-year period. e of available data was less than four months. For the remaining following analysis, we include only those stations for which 10 or more acceptable measurements were obtained.
Our estimate of the orientation of the horizontal components is calculated as the median of all acceptable polarization measurements for a station. e orientation is presented as a correction angle that should be subtracted from the reported angle to obtain the azimuth of sensitivity of the sensor. Figure  - be stressed that there is nothing in the measurement technique that favors angles close to the reported orientation. e tails of the distribution are more prominent than for a normal distrireported orientation. Table 1 shows the statistics of the distribution for all the stations as well as for the four individual networks (TA, US, network are unusually well stastations have estimated orientations that are more consistent with the reported orientations than the stations of the permanent for the BK network, have several stations with measured orienvalues. It is di cult to calculate a useful uncertainty for our orien--ence the polarization measurement to be systematic, rather than North America causes a signi cant deviation of ray paths from the western Paci c, the in uence of this signal on the distribution of measurements will depend on the distribution of earthquakes at di erent azimuths from the station. Similarly, if there is a gain error on one of the horizontal components, the in uence on the median deviation will depend on the azimuthal distribution of earthquakes. Rather than devising an algorithm to attempt to account for these factors, we present the range of observations de ned by the second and third quartiles of the -rection angle and the associated uncertainty range for those staIn addition to the rotation angles determined from the intermediate-period surface waves (S), we determined a second set of angles using the longer-period mantle waves (M). Because -quakes, we obtain a smaller number of measurements from -estimates using both types of data. e consistency of the two measurements is good, with few observations di ering by more o set between the two sets of observations. For these reasons, we chose not to combine the data sets, and base our preferred results only on the intermediate-period measurements.
e results for all of the stations analyzed in this study are available in tabular format at http://www.ldeo.columbia. edu/~ekstrom/Research/SRL2008.
DISCUSSION
Some preliminary results from this study were available in Transportable Array stations appeared to be misoriented, based on our surface-wave-polarization analysis, by more than caused concern, especially since the stations were scheduled to be dismantled and removed within 12 months. Without further e ort, the potential misorientation of the instrument would not be veri able, and the true orientation of the instrument would Octans IV interferometric ber-optic gyroscope (see gure 6), for obtaining precise and accurate measurements of azimuths in the eld, and this tool is now used to determine the seismometer orientations at TA stations at the time of deployment and -tion-and gyroscope-based estimates of the seismometer orienbeen made. e agreement between the two measurements is (0) a. These five stations are from the AZ and NN networks.
surprisingly good. e root mean square (rms) deviation of the polarization measurement from the gyroscope measurement is between the reported and gyroscope-based orientations. For no station is the deviation between the polarization-and gyrothat those stations for which the gyroscopic measurements were made had been installed the longest and therefore had the largest number of polarization measurements available. e good agreement between the eld-based and seismogram-based estimates suggests that the true errors in our estimated rotation angles are small. If the errors followed a normal distribution, we would infer that we could estimate the orientahost of nonrandom error sources, the evidence suggests that for the orientation estimate obtained directly from the data is more accurate than the reported orientation.
Transportable Array is to make a high-precision gyroscope measurement of the seismometer orientation at both installation and removal. is will, presumably, eliminate the future need to estimate the orientation from the seismic data. e polarization-angle method will, however, continue to be useful for verifying the orientations of stations belonging to other broadband seismographic networks for which high-precision eld measurements are not available. is could include per--ments.
A surprising result from the current study is that a robust estimate of sensor orientation can be obtained relatively quickly. We chose 10 acceptable measurements as our threshold for polarization measurements since installation for the TA station H09A, a station that we nd to be misoriented by more than based on the preceding 20 polarization measurements. at is, the gure shows how the polarization measurement would have changed as a function of time if it were based on only the most recent 20 measurements. While the median value calculated in this manner varies by a few degrees over time, it is clear that 20 measurements is a su cient number to provide a relatively robust estimate of the true sensor orientation. At stations with noise levels similar to those observed at Transportable Array sites, this number of measurements would typically be obtained in less than four months of recording. of sensor orientation from data analyses otherwise focused on geophysically interesting signals. is paper describes a simple method for routinely forming such estimates from archived data, with a stable estimate obtained from an observational period as short as four months. As an important validation of our seismogram-derived estimates, we measured the actual sensor orientations with a precision interferometric ber-optic -gram-derived estimates agree with the gyroscope-measured oriobtained between the reported and gyroscope-derived orientations at these stations. While the use of high-precision orientation devices in the routine installation and decommissioning of smaller orientation errors in recent deployments, the seismogram-based methodology described here provides an alternative means of deriving true sensor orientations for stations and networks where direct high-precision sensor-orientation measurements are not available.
